Sediments composed of oil-particle aggregates (OPAs) have unique physical characteristics. These in situ deposited sediments develop at locations where a continual or nearly continual discharge of nonaqueous phase liquids (NAPLs) have occurred, or are occurring through time. The NAPL discharged into the surface water body interacts with suspended particles in the water column. The particles adhere to the suspended NAPL, which generally is in the form of a bead, and produce a discrete aggregate. As the aggregate grows in response to additional particle adherence, the density of the unit increases and deposition occurs. The resulting sediment consists of a collection of discrete OPAs that form a network with small pores, where oil is tightly bound and/or contained. Porosity, water content, and dry bulk density measurements indicate the sediment formed by OPA deposition is physically unique. Although the sediment consists of a very open pore structure, the pore openings are relatively small, typically being less than 5 microns in diameter. These small pores inhibit fluid movement. Results of physical property testing suggest the OPA structure is retained upon deposition. Although the sediment contains NAPL, this original OPA structure inhibits the oil beads from coalescing, which would enable NAPL flow.
been conducted investigating the formation of OPAs (Lee et al., 2001 Li et al., 2007; Ma et al., 2008; Stoffyn-Egli and Lee, 2002; Wang et al., 2011; Zhao et al., 2014) Research by Zhao et al. (2014) indicates the distribution in oil droplet size is dependent upon the turbulence of the water, the viscosity of the oil, and the interfacial tension of the oil. Smaller droplets form from hydrocarbons with lower viscosity and/or interfacial tensions. The size of the droplet is important, as larger particles tend to float due to buoyancy, whereas smaller particles generally become dispersed within the water body . Within the water column, particles become adhered to the oil bead, forming a barrier that mitigates further coalescing with other oil droplets (Khelifa et al., 2005) . Once formed, the OPA increases in density, causing further dispersion into the water column and eventual settling.
The actual attachment of the oil droplet and particle is influenced by numerous conditions, including the viscosity and adhesion properties of the oil bead, the surface area of the particles, and the salinity of the water (Khelifa et al., 2005; Lee, 2002) . Although mineral particles, such as clays, are a common solid to which the oil bead adheres, oil droplets may adhere to organic matter, including phytoplankton (Lee, 2002; Lee et al., 1985) . Mineral particle concentrations as low as 100 milligrams per liter (mg/L) have been shown in laboratory studies to produce OPAs (Khelifa et al., 2002) . The shape and character of OPAs are a function of the size of the oil droplets and particles. The most common form of OPA is the oil droplet surrounded by particles or multiple spherical oil droplets in a particle aggregate (Bragg and Owens, 1994; Khelifa et al., 2005; Lee et al., 2012; Stoffyn-Egli and Lee, 2002; Zhang et al., 2010) (Figure 1 ). However, in some cases the oil will adhere to larger particles, surrounding the surface of the solid and taking the shape of the particle. In other cases, the OPA tends to form flattened surfaces or flakes, having folds or rolls (Stoffyn-Egli and Lee, 2002) . Although the shape and nature of the aggregate may affect the transport and fate of the oil droplet in the water column, eventually the OPA settles to the sediment surface and is incorporated into the sediment prism.
This paper discusses the physical properties of sediment resulting from the deposition of OPAs. In particular, this paper, which we believe is the first description of historically deposited OPA-containing sediments, focuses on defining the properties of these unique anthropogenic deposits. OPA-containing sediments form in response to the continual or nearly continual discharge of non-aqueous phase liquids (NAPLs) within a depositional environment. These conditions have historically occurred in association with a variety of Figure 1 . Schematic diagram of oil-particle (OPA). Randomly oriented clay particles adhering to an isolated oil bead sources, including wastewater discharge outlets from manufactured gas plants (MGPs), petroleum refineries and petroleum storage facilities, as well as effluents from sanitary and storm sewers. In contrast to NAPLs entering the pore network within an existing sediment, which results from NAPL migration along the capillary fringe, the oil-phase resulting from OPA deposition is emplaced in situ during the formation of the sediment.
Physical properties were evaluated from two locations, termed Site 1 and Site 2, where OPA deposition produced NAPL-containing sediments (Figure 2) . At both locations, the OPAs appear to have been derived as a result of discharges from manufacturing and/or refinery operations that occurred during the early to mid-1900s; and at Site 2 possibly starting earlier (the late 1800s). Site 2 has also received discharges from storm and sanitary sewers. OPAs were apparently deposited over decades at both sites, producing a NAPLcontaining sediment prism of between 2 and 10 feet thick. Although the exact locations for Sites 1 and 2 are confidential, both of these historic OPA discharges occurred in estuarine environments and were subject to tidal influences and brackish water conditions. The following briefly outlines the history and general character of each of the sites.
Site 1 is located in an embayment where oily wastewater from refining operations was discharged from approximately 1920 to 1960. During this time period, the oily wastewater was passed through an oil-water separator (removing some, but not all, of the oil from the wastewater), and then released to the embayment from an outfall. The embayment is relatively shallow, ranging from less than 5 to 15 feet in depth and is tidally influenced. Although a large portion of the sediment prism has been dredged since the termination of the discharges, undisturbed areas representing the OPA deposition remain along some portions of the shoreline. At Site 1, in situ deposited NAPL sediments have been observed along the shoreline, extending over a length of 500 feet and extending approximately 150 feet into the embayment. The OPA-containing sediments range in thickness from a few feet to 10 feet. In some areas, clean sediment is interbedded within the NAPL-impacted profile. Water temperatures in this area seasonally vary from approximately 65-87°F. Salinity levels, although variable due freshwater inputs from rainfall events, generally average about 10 practical salinity units (psu). At Site 1, the field and laboratory work efforts were conducted in 2014 and 2015. Assuming the formation of OPAs began in approximately 1925 at Site 1, a period of 90 years till 2015, the net sedimentation rate was calculated at approximately 0.93 inch per year, based on a sediment thickness interval of 7 feet above the lower contact of the OPA-containing sediment. NAPL-sheening was not typically observed on the water surface in the area of OPA deposition. The only observed NAPL-sheens occurred after the sediment was physically altered by borings or other disturbance.
Site 2 is located in a tidally influenced creek channel. Effluents from numerous manufacturing and refinery operations were discharged into the 250 feet wide creek. These included MGP facilities, petroleum refineries and storage facilities, chemical manufacturing, metals fabrication, fish processing plants, and leather production. In addition to these industrial facilities, untreated municipal sewage and storm water has also been discharged into the creek. The resulting OPA-containing sediments range from 5 to 10 feet in thickness and are generally present in most areas of the channel, with the exception of areas in the central portions of the creek, where navigational dredging has occurred. In the area of investigation, the channel is approximately 25 feet in depth. Water temperatures vary from 45°to 75°F. Salinity levels typically average about 20-25 psu. At Site 2, the field and laboratory work efforts were conducted in 2016. Assuming the formation of OPAs began in 1900 at Site 2, the net sedimentation rate for Site 2 was calculated to range from 0.5 to 1 inch per year given the thickness of sediment above the lower contact of the OPA-containing sediment of 5 to 10 feet. Similar to Site 1, NAPL-sheening was not typically observed on the water surface except after the sediment was disturbed.
Materials and methods
The investigation involved sediment sampling at both sites. However, the scales of the area of investigation were different (Figure 2) . At Site 1, multiple cores were collected within a 225 square feet area where OPA deposition had been identified. The depth of the water ranged from 6.0 to 6.5 feet. This area is located about 300 feet from the historic discharge location and approximately 100 feet from the current shoreline. The OPA-containing sediment interval was up to 2.5 feet thick, with the upper contact occurring from −6.8 to −7.8 feet mean sea level (MSL) depending upon the core location. At Site 2, multiple cores were collected from five different locations over a distance of 2200 feet within the creek channel. The depth of water varied from 10 to 20 feet at these locations. Oily discharges occurred historically within this section of the creek, as well as upstream and downstream of this section of the creek channel (the water body is tidally influenced). The NAPLimpacted sediments were detected over an approximately 12 feet interval, ranging in elevation from approximately −15 to −27 feet MSL.
At both sites, sediment cores were collected using vibracore technology. The cores were collected in a 3-inch diameter, 10-feet long core barrel composed of either aluminum or Lexan plastic. The length of the retrieved core varied from approximately six (6) to twelve (12) feet. At each sampling location, multiple cores were collected. Upon retrieval into the boat, the cores were measured and the ends were capped and sealed. While in the field, one core at each location was extruded at the time of collection to enable physical description of the sediment. During the extrusion process, free flowing NAPL was not observed from the cores at either site. The extruded core was logged, documenting the qualitative physical characteristics of the sediment, including texture, nature of the contacts, color, odor, and moisture content. Vapor readings using a calibrated Organic Vapor Meter were taken at 0.5 feet intervals over the length of the core. UV fluorescence was utilized to visually observe the presence of NAPL within the sediment matrix. Physical tests on small sediments samples confirmed the presence of a separate NAPL phase within the sediment matrix. Visually, the NAPL appeared light brown to black in color and appeared to have a medium viscosity. The observations were used to select sample intervals for additional laboratory analysis from the other cores. The intervals for additional analyses were selected based on hydrocarbon odors, elevated organic vapor levels, positive UV fluorescence response, and visual observations of NAPL. Sample intervals were cut from the correlative cores, keeping the sediment intact and undisturbed. The sample core sections were capped, oriented in a vertical position, and forwarded to the laboratory. Sediment collected for chemical analyses were forwarded to the laboratory on ice, maintaining temperatures at or below 4°C. Cores for physical property analyses remained at room temperature and were never frozen.
Numerous physical property analyses were conducted to assess the internal structure of the sediment, the distribution of NAPL within the pore network, and the particles composing the sediment. The following physical analyses were performed by PTS Laboratories, Inc. in Santa Fe Springs, California on the selected sediment samples: X-ray diffraction was conducted by ALS Oil & Gas -Reservoir Characterization in Houston, Texas to determine the clay mineralogy. Total petroleum hydrocarbon (TPH) was measured by Alpha Analytical in Mansfield, Massachusetts to determine the magnitude of the hydrocarbon contamination in the bulk sediment sample. In addition, scanning electron microscopy (SEM) by Houston Electron Microscopy in Houston, Texas was utilized to visually observe the microstructure of the sediment. When necessary to perform the measurements, the NAPL was removed by soaking the sediment sample in solvent.
In summary, OPA-containing sediments were collected at both Sites 1 and 2. During the investigation, free flowing NAPL was not observed emanating from sediment from either site. However, when disturbed the sediment produced separate phase NAPL. From the suite of cores collected from both sites, the OPA-containing strata were delineated within the sediment stratigraphy. Samples from these intervals were collected and analyzed for comprehensive physical analysis.
Results
The following discusses and compares the results of the observations and physical and chemical analyses of the sediment from Sites 1 and 2. Despite the differences in depositional environment, many characteristics of the sediment are similar, suggesting that OPA-deposited sediments may have unique and defining physical properties.
Site 1
The area at Site 1 where cores were collected consists of fine grain sediment with petroleum hydrocarbons occurring over a 2.0-2.5 feet interval at elevations ranging from −6.0 to −8.5 feet MSL. However, within a given core, the thickness of the petroleum hydrocarbon interval is thinner, generally less than 1.0 foot. Grain size analyses indicate that silt and clay is the dominant particle size. For Site 1, measured grain densities ranged from 2.54 to 2.63 grams per cubic centimeter (g/cc). Two sediment samples were analyzed for TPHs within this interval. The measured concentrations were 5510 and 50,500 milligrams per kilogram (mg/kg) on a dry weight basis. The highest concentration occurred at an elevation of −6.85 feet MSL and the lower concentration occurred at an elevation of −7.7 feet MSL (Figure 3) . The TPH at Site 1 was composed primarily of mid-range C 12 -C 28 hydrocarbons. The mid-range fraction composed from 60 to 70% by weight (pbw) of Figure 3 . Stratigraphic section of OPA-deposits sampled at Site 1 the hydrocarbon fraction. The lighter end TPH fraction (C 6 -C 12 ) consisted of less than 10 pbw of the total TPH.
Physically the sediment appeared to be homogeneous in texture varying from gray to black in color. Isolated vegetation particles were observed within the soft fine grained matrix of the sediment. Although visual observation of the sediment samples suggests a homogeneous texture, X-ray tomography scans document the sediment is composed of thin, millimeter scale thick, horizontal to near horizontal laminations (Figure 4) . The deposited layers are characterized by sharp upper and lower contacts and are of uniform thickness. Observations of the laminated interval indicated approximately 10 discrete layers are present within a 0.1 foot interval. Open channels or pores, possibly indicative of bioturbation or ebullition channels within the sediment matrix, were not observed in the X-Ray Tomography scans. The fine texture and structure of the sediment documents a quiescent energy environment in this portion of the embayment, where these fine particles can fall through the water column.
Clay and silt-size particles compose the majority of the sediment at Site 1 ( Figure 5 ). Within the OPA-containing interval, the sediment consists approximately 90% silt and clay. Fine sand composed 10% of the OPA-containing sediment. Sediment samples not containing OPAs were somewhat finer grained, containing approximately 98% silt and clay. The mineralogy of the clay is dominantly smectite, a group of phyllosilicate minerals. Smectite composed approximately 75 pbw of the clay minerals, with kaolinite composing 11 pbw. SEM was utilized to visually observe the structure of the clay particles forming the OPA deposit ( Figure 6 ). The photomicrographs, based on dried samples, illustrate the clay sized particles are generally layered and undulating. The wavy microstructure consists of individual particles that are generally less than 2-3 microns (μm) in size. The observable pores within the structure occur between the clay platelets and are typically less than 1 μm in diameter. Physical property measurements for porosity, water saturation, dry bulk density, and hydraulic conductivity were conducted on sediment samples collected at Site 1 within the interval of OPA deposition ( Table 1 ). The sediment porosity, which is a measure of total void space relative to total sediment volume, varies from approximately 40 to 70%, with a mean value of 60%. Due to the relatively high porosity, the OPA-containing sediments are characterized by low values of dry bulk density. Within the OPA-containing interval, the dry bulk density was measured to range from 0.7 to 1.5 grams per cubic centimeter (g/cm 3 ), with a mean value of 1.0 g/cm 3 . Water fills the majority of the pore space of the sediment. Of the five sediment samples analyzed, the average water saturation, the volume of water with respect to the entire pore space volume, was 73%. However, the water saturation from the interval containing the highest NAPL content was anomalously low, with a value of approximately 37%, which also corresponded with the highest dry bulk density. Measurements of vertical hydraulic conductivity within the OPA-containing ranged from 3.1 × 10 −6 centimeters per second (cm/s) to 1.3 × 10 −5 cm/s, with an arithmetic average of 7.4 × 10 −6 cm/s. These values for conductivity are generally consistent with a clay and silt dominated sediment. Sediments not containing OPAs were generally similar in physical characteristics, despite being finer grained ( Table 2 ). The two non-OPA samples analyzed for physical properties were located approximately 2.5 feet below the OPA-containing sediment interval. The porosity of these samples varied from 53 to 61% and maintained a higher water saturation, which ranged from 85 to 92%. Dry bulk density values varied from 1.0 to 1.2 g/ cm 3 . Being finer grained, the non-OPA sediments were less permeable, with vertical hydraulic conductivity values ranging from 9.1 × 10 −8 to 1.3 × 10 −7 cm/s.
Capillary pressure curves generated via centrifuge from Site 1 indicate the sediment is composed primarily of small, micron size pores (Figure 7 ). Three capillary curves were developed from undisturbed sediment samples at elevations of −7.05, −7.2, and −7.8 feet MSL within the OPA-containing interval. The entry head pressures of the three sediment samples were similar, with a value of approximately 0.4 pounds per square inch (psi). At a capillary pressure of 30 psi, water saturations ranged from approximately 50 to 80%. The sediment sample (at −7.05 feet MSL) with the lower water saturation indicates a more open pore structure, where fluids can more readily flow between the pores. In particular, in this sediment sample about 20% of the porewater volume was evacuated over a single capillary pressure interval, from 3.3 to 5.2 psi. Only a 2% change in fluid saturation occurred in the other two samples in this capillary pressure interval. In summary, the observations and analyses conducted from the Site 1 suggests OPA deposition occurred in quiet water energy environment and the rate of OPA deposition varied through time. Within this interval, NAPL was observed within the matrix of the sediment with TPH concentrations ranging from 5000 to over 50,000 mg/kg. The sediment consists of a series of fine layers composed primarily of silt and clay size particles. The mineralogy of the clay fraction is dominated by smectite minerals. The sediment structure is relatively open, with porosity values as large as 80% being measured. Although the sediment porosity is high, the vertical hydraulic conductivity of the sediment is low, being generally between 1 × 10 −8 and 1 × 10 −6 cm/s. The low hydraulic conductivity of the sediment appears to be produced by the small size of the pores. Capillary pressure analysis suggests that over 50% of the porewater volume is held in submicron size pores.
Site 2
At Site 2, the NAPL-impacted sediment interval resulting from OPA deposition ranges over approximately 10 feet interval within the channel. However, at a given core location the NAPLimpacted sediment interval was thinner, ranging from 4 to 8 feet in thickness (Figure 8 ). TPH measured from 10 sediment samples ranged from 3180 to 114,000 mg/kg, with an arithmetic mean value of 70,400 mg/kg. The highest TPH concentration was measured in the upstream reaches of the sampling area, while the lowest measured TPH concentrations were located in the downstream portions of the sampling area. Both the highest and lowest sediment concentrations were located at an elevation of approximately −20.0 feet MSL. The sediment at Site 2 was black in color and had a soft, gelatinous texture. The sediment was characterized by a strong sewer-like odor. X-Ray Tomography scans document the sediment can be homogeneous in texture. However, in some scans, thin horizontal, discontinuous lenses were present (Figure 9 ), while in other intervals the layers were contorted and bounded by horizontal layers, suggesting a depositional disturbance. Dark 'blebs' that ranged from spherical to laminar in shape were observed in the X-ray tomography scans. Their origin is uncertain. Large particle clasts were also observed in the scans.
The OPA-containing sediment interval at Site 2 consists of particles ranging in size from clays to gravel. Measured grain densities ranged from 2.35 to 2.68 g/cc. Clay and siltsize particles compose the majority of the sediment in the upper strata deposits. Results of grain size analyses indicate that over 70 pbw of the upper portion of the sediment profile consists of fines (silts and clays). In the lower portion of the sediment profile, fine and medium sand are the dominant particle type. In this lower portion, the percentage of clay and silt is approximately 15 pbw. Pebbles and cobbles as large as 5-10 mm in diameter were observed in the lower strata of Site 2. The contact between the upper fine grain and lower coarse grain sediment intervals is sharp and occurs at different elevations at each of the sampling locations. The upper fine grain interval varies from two to eight feet in thickness, while the lower coarse grain interval varies from less than 1 foot to 6 feet in thickness. Figure 10 illustrates representative particle size distributions present for each OPA-containing strata at Site 2. The clay fraction of the sediment is composed of a suite of minerals. The clay mineralogy is heterogeneous consisting of mixed illite, chlorite, mixed illite/smectite, phyllosilicates, and smectite. Specifically, the illite fraction was the primary clay species, composing approximately 50 pbw of the clay fraction. The chlorite, kaolinite, and mixed illite/smectite fractions individually compose between 10 and 20 pbw of the clay components. Smectite was the smallest fraction, composing approximately 8 pbw of the clay fraction. At each core location, the clay composition did not change as a function of depth, indicating the source(s) of the clay constituents likely remained unchanged through this depositional process.
SEM analyses indicated the microscopic texture of the sediment consisted of micron size particles with no apparent preferential orientation (Figure 11) . The sediment appears to be an amalgamation of heterogeneously oriented particles. The particles consisted of flat planar clays of uniform shape, rectangular shaped platelets, and organic particles. In some intervals, the particles appear as clusters or groups of particles. Pore size measurements indicated the majority of the openings in the Site 2 sediments ranged between 1 and 5 μm in diameter.
Measurements for porosity, water saturation, dry bulk density, and vertical hydraulic conductivity document that the physical properties of the sediment are relatively consistent regardless of the particle size distribution (Table 3 ). The sediment porosity varies from 67 to Capillary pressure analyses via centrifuge were conducted on seven OPA-containing sediment samples from four locations, from both the fine grain and coarse grain intervals (Figure 12 ). The capillary pressure analyses produced smooth, arcuate curves that were consistent between the sample locations. The largest variability in the curves was documented in the entry head pressure, which varied from approximately 0.3 to 3 psi. Despite the relatively large variability in entry head pressure, the range in water saturations at 30 psi was small, varying only 12% from approximately 60 to 72%. This indicates that most of the fluid retained within the sediment is located in extremely small, submicron size pores. Moreover, the similarity in the shape of the curves suggests the pore size distribution is consistent within the different sediment textures (i.e. upper fine grained and lower coarse grained). These results suggest the sediment texture does not directly influence the relative pore size distribution of the smaller voids.
Discussion
Results of the physical property analyses of in situ deposited NAPL sediments indicate that OPA-derived sediments appear to have unique characteristics. Porosity, water content, and dry bulk density measurements indicate the solid particles, which produce the structural framework of the sediment, compose only between 30 and 50% of the total sediment volume. As a result, dry bulk density values typically below 1.0 g/cm 3 are observed. In general, the sediments consist of an open network of small pores where fluids are tightly bound. Although the pore structure is very open, as documented by a low bulk density and high porosities, the pore openings are small, generally consisting of size openings less than 5 μm. The majority of the porewater is retained within these small pores.
Capillary pressure and SEM analyses indicate the pore openings are relatively small, typically being 5 μm or less in diameter. Measurements of vertical hydraulic conductivity, which are generally between 1 × 10 −8 and 1 × 10 −6 cm/s, suggest these small pores have limited connectivity and inhibit fluid movement. The majority of the porewater is retained within these small pores.
Conclusion
Sediments composed of OPAs have unique physical characteristics. The resulting sediment consists of a collection of discrete OPAs that have a network of small pores, where oil is tightly bound and/or contained. Porosity, water content, and dry bulk density measurements indicate the sediment consists of an open pore network. As a result, the density of the sediment is low, and dry bulk density values below 1.0 g/cm 3 can result. Capillary pressure and SEM analyses indicate the pore openings are relatively small, being less than 5 μm in diameter. Hydraulic conductivity measurements suggest these small pores have limited connectivity and inhibit fluid movement.
OPA-containing sediments develop within surface water bodies where NAPL beads and solid particles suspended in the water column adhere, forming an aggregate. As the aggregate grows in response to additional particle adherence, the density increases and Figure 12 . Capillary pressure curves of sediment samples from Site 2 deposition occurs. Results of capillary analyses from the NAPL-containing sediments indicate the oil deposited as an OPA is retained within the smallest pores and is encapsulated within a network of larger pores filled with water. This original OPA structure appears to inhibit the oil beads from coalescing, which would enable NAPL flow. The in situ deposited structure appears to form and be retained regardless of particle size. These data support field observations from OPA-containing sediment sites, where NAPL-sheening is only produced when the sediment structure is disturbed. Additional research is needed from other locations to fully assess the nature and characteristics of OPA-containing sediments.
